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In this paper, we investigate the short-range repulsion given by the quark cluster model employing
an inverse scattering problem. We find that the local potential which reproduces the same phase
shifts to those given by the quark cluster model has a strong repulsion at short distances in the
NN1S0 channel. There, however, appears an attractive pocket at very short distances due to a rather
weak repulsive behavior at very high energy region. This repulsion-attractive-pocket structure
becomes more manifest in the channel which has an almost forbidden state, ΣN(T=3/2)3S1. In
order to see what kinds of effects are important to reproduce the short-range repulsion in the quark
cluster model, we investigate the contribution coming from the one-gluon-exchange potential and the
normalization separately. It is clarified that the gluon exchange constructs the short-range repulsion
in the NN1S0 while the quark Pauli-blocking effect governs the feature of the repulsive behavior in
the ΣN(T=3/2)3S1 channel.
PACS numbers: 12.39.Jh, 13.75.Cs, 03.65.Nk, 02.30.Zz
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I. INTRODUCTION
In nucleon-nucleon (NN) scattering, the phase shift be-
comes negative as the relative energy increases. In order
to explain this behavior, the short-range strong repul-
sion has been introduced in the NN potential [1, 2]. In
a microscopic model with the meson-exchange potential
[3, 4], the vector-meson exchange has been shown to pro-
duce such a short-range strong repulsion. There also have
been many studies to investigate the short-range part of
the potential by introducing the subnucleonic degrees of
freedom. Among them, the model called a quark cluster
model (QCM) [5, 6, 7, 8, 9] is one of the most successful
models which can explain the repulsive behavior of the
phase shift in baryon-baryon scattering.
The characteristic features of the quark model poten-
tial are its nonlocality and energy dependence. The for-
mer appears by integrating the internal quark degrees of
freedom out while the latter appears when interpreting
its nonlocality to the energy dependence. The energy-
dependent potential shows that the core increases as the
energy increases [10].
By taking parameters to minimize the nucleon mass,
the effect of the orbital [42] symmetry to lower the core
was found to be diminished [6]. This has been confirmed
by the calculation which takes into account not only NN
but also ∆∆ and CC channels. Therefore it is enough to
consider the single channel problem to discuss the short
range part of the baryon-baryon interaction.
It is known that nonlocal and energy dependent terms
play an important role to produce the repulsive behavior
of the NN systems in the conventional model[11]. The
nonlocality is considered to be important also in a quark
model; it has been studied qualitatively employing a sim-
ple nonlocal potential [12]. There, they found that the
approximation which has usually been used to obtain the
energy-dependent local potential from the nonlocal one is
actually valid in the concerning energy region. Further-
more, it was shown that the equivalent local potential can
be obtained from the simple nonlocal potential by solving
the inverse scattering problem; namely, they obtained a
unique local potential which gives the same phase shifts
as the nonlocal potential.
In this paper we employ a realistic baryon potential
given by the quark model and solve the inverse scatter-
ing problem. In the S-wave NN scattering, the norm ker-
nel, which gives rough estimate of the size of the Pauli-
blocking effect, is known to be small. The one-gluon-
exchange potential (OGEP) appearing together with the
quark exchanges, however, is large and highly nonlocal
in this channel.
On the other hand, there are some channels where the
norm kernel becomes very small. In this case we expect
that there appears a large repulsive interaction due to the
Pauli blocking effect [13]. In order to look into these two
effects in details, we study two typical channels, NN1S0
and ΣN(T=3/2)3S1, and investigate each contribution
coming from OGEP and the norm kernel separately.
In the next section we explain briefly the quark clus-
ter model. The method to obtain the baryon potential
from QCM (the QCM potential) is also discussed. In sec-
tion 3, we explain the inverse scattering problem; we use
this method to derive the energy-independent local po-
tential which reproduces the same phase shifts as those
obtained from the QCM potential. We explain two types
of the quark cluster models in section 4. One is called the
OGEP quark model, where OGEP plays the dominant
role to reproduce the mass difference between nucleon
and ∆, and also to produce the NN short-range repulsion.
The other is the hybrid chiral (HC) quark model where
2the pseudoscalar- and scalar-meson-exchange potential
between quarks including quark exchanges are taken into
account together with OGEP. Numerical results are given
in section 5. It is shown that the obtained local potential
has a strong short-range repulsion. It, however, also has
an attractive pocket at very short distances which reflects
that the nonlocal repulsion becomes weaker as the energy
increases. It is also shown that the channel which has an
almost forbidden state has such a structure in more ex-
tensive way. Also, the nonlocality seems to become more
important there. Summary is given in section 6.
II. QUARK CLUSTER MODEL
Here we briefly summarize the quark cluster model
(QCM) to study the baryon-baryon scattering in terms
of the constituent quarks.
The total wave function of the six quark system is given
by
Ψ(ξA, ξB,RAB) = A[φA(ξA)φB(ξB)χ(RAB)], (1)
where φA and φB are the single baryon wave function
for baryons A and B. They are given by a product of
orbital, flavor-spin and color parts as
φ(ξ) = ϕ(ξ)S([3]fσ)C([111]c). (2)
The ξA and ξB are internal coordinates of the baryon
A and B, χ is the relative wave function, RAB is the
relative coordinate between the baryons A and B and
A is the antisymmetrization operator among six quarks.
Assuming that the internal wave function φ(ξ) is known,
we obtain the following RGM equation to determine the
relative wave function χ,
∫
H(R,R′)χ(R′)dR′ = E
∫
N(R,R′)χ(R′)dR′, (3)
where H and N are the Hamiltonian and normalization
kernels.
{
H(R,R′)
N(R,R′)
}
=
∫
dξAdξBdRABφ
†
A(ξA)φ
†
B(ξB)δ(R −RAB)
{
H
1
}
A[φA(ξA)φB(ξB)δ(R′ −RAB)] . (4)
Employing the following gaussian,
g(r, b) = (
√
πb)−3/2 exp{−r2/(2b2)}, (5)
we take the orbital part of the internal wave function
ϕ(ξ) as
ϕ(ξ) = g(ξ1,
√
2b)g(ξ2,
√
3/2b), (6)
where
ξ = (ξ1, ξ2) =
{
(r1 − r2, r1+r22 − r3) for A
(r4 − r5, r4+r52 − r6) for B
. (7)
In this case, the norm kernel is given by the following
equation.
N(R,R′) = δ(R−R′)− 9〈P (fσc)36 〉
(
27
16πb2
) 3
2
exp
[
− 15
16b2
(R2 +R′2) +
9
8b2
R ·R′
]
(8)
=
∞∑
n,ℓ=0
[1− 9〈P (fσc)36 〉(
1
3
)2n+ℓ]
ℓ∑
m=−ℓ
unℓm(R)unℓm(R
′)∗, (9)
where unℓm(R) is the nℓm harmonic oscillator wave func-
tion with the size parameter
√
2/3b, and P
(fσc)
36 is the
permutation operator of the 3rd and 6th quarks in the
flavor, spin and color spaces. The expectation values of
the permutation operator P
(fσc)
36 are recited in table I for
each of the NN1S0 and the ΣN(T=3/2)
3S1 channels.
To see the rough size of the quark effects on the spin-
flavor-independent observables, it is useful to see the ma-
trix element of the exchange operator in the flavor-spin-
color space. This corresponds to the normalization of the
relative 0s state, which is affected most largely by the in-
ternal degrees of freedom. As seen from the table I, we
3TABLE I: Coefficients of n = 0 ℓ = 0 state
BB 〈P
(fσc)
36 〉 1− 9〈P
(fσc)
36 〉
NN1S0 −
1
81
10
9
ΣN(T=3/2)3S1
7
81
2
9
expect that the effect of Pauli blocking is not important
for the NN1S0 channel, because the factor (1−9〈P (fσc)36 〉)
is 10/9, which is close to 1. On the other hand, the factor
is 2/9, much smaller than 1, in the ΣN(T=3/2)3S1 chan-
nel. Suppose this factor is found to be zero, it indicates
that there is a forbidden state in the concerning channel.
Thus, the 0s state in the ΣN(T=3/2)3S1 channel can be
called as an almost forbidden state. We will later discuss
the role of this almost forbidden state on the phase shift
and the equivalent local potential.
Here we present two ways to rewrite the RGM equation
(3) into “the Schro¨dinger equation.” One is to put the
exchange part of the norm kernel into the hamiltonian,
the other is to divide the equation by the norm kernel.
We explain them in the following.
The norm kernel and hamiltonian kernel can be de-
composed as
N = 1 +Nex (10)
H = Kd +Kex + V . (11)
where Nex is the exchange part of the norm kernel, Kd
and Kex are direct and exchange parts of the kinetic en-
ergy, respectively. The potential V is a part due to the
quark-quark potential term together with the quark ex-
changes. The RGM equation (3) can be written in the
Schro¨dinger equation: viz.,
Hsχ = Eχ, Hs = H − ENex. (12)
Since theKex and V are highly nonlocal due to the quark
exchanges, the hamiltonian Hs becomes nonlocal as well
as energy dependent.
In order to avoid the energy dependent hamiltonian,
we can rewrite the RGM equation in a different way:
Hχ = ENχ→ 1√
N
H
1√
N
√
Nχ =
√
Nχ. (13)
Then the Schro¨dinger equation becomes
H˜ψ = Eψ. (14)
Here the energy independent hamiltonian H˜ is defined in
the following way:
H˜ =
1√
N
H
1√
N
(15)
= Kd + V˜QCM , (16)
where
V˜QCM =
(
1√
N
(Kd +Kex)
1√
N
−Kd
)
+
1√
N
V
1√
N
.
(17)
V˜QCM can be considered as the potential term in the
usual Schro¨dinger equation for the baryon-baryon scat-
tering, which is very nonlocal, but not energy depen-
dent. The RGM wave function can be obtained from ψ
as χ = N−1/2ψ.
The equations (3), (12), and (14) are equivalent to
among each other provided that N−1/2 is well-defined.
Their phase shifts are the same and give the same equiv-
alent local potential, which we will discuss in the next
section. Though the former treatment is more intuitive,
the obtained potential depends strongly on the energy
[14]. When looking into the nonlocality of the potential,
the latter treatment has an advantage that it does not
depend on the energy.
The origin of the short-range repulsion has been argued
to come from the quark potential and/or the quark Pauli
principle; which of these two reasons is more important
depends on the channel. The effect of the nonlocal poten-
tial has been discussed employing the simplified model in
ref. [12]. As for the effect of the Pauli principle, we ex-
pect that the normalization 〈N〉 gives a rough estimate.
In the channel where 〈P (fσc)36 〉 is positive, 〈Nex〉 is neg-
ative, which causes repulsion in the short-range part of
the potential V˜QCM . This can be understood like this:
negative 〈Nex〉 means that the short-range part are par-
tially forbidden by the quark Pauli principle. When the
wave function is expanded by the harmonic oscillator as
in eq. (9), this effect appears mainly in the n=0 compo-
nent, because the effect is reduced by a factor of (19 )
n.
The effect appears not only in the normalization but also
in the kinetic energy part. Then the diagonal part of
the effective kinetic energy 1√
N
(Kd + Kex)
1√
N
remains
the same as that of Kd, but the non-diagonal part be-
comes weaker. As a result the mixing between the 0ℓ
and 1ℓ components becomes smaller and so the energy
for the 0ℓ state becomes higher than the one in the case
of Nex = 0 [15]. See appendix B.
Since the 〈Nex〉 is positive in the NN1S0 channel, we
expect that the effect of the Pauli principle does not pro-
duce the short-range repulsion there. There exist some
channels which have a large negative 〈Nex〉, such as the
ΣN(T=3/2)3S1 channel as shown in the table.
III. ENERGY INDEPENDENT LOCAL
POTENTIAL
In this section, we apply the inverse scattering method
[16, 17] to obtain the energy independent local poten-
tial which gives the same phase shifts given by the quark
cluster model. This equivalent local potential shows us
more intuitive picture of the nature of this nonlocal po-
tential. Since we are mainly interested in the short-range
behavior of the potential, we look only into the S-wave
scattering here.
All the information on the scattering observables is
in the S-matrix S(k). Once S(k) is known, the poten-
tial V (r) is obtained by the following equation called
4Marchenko equation [16, 17]. First we calculate the fol-
lowing F (r) from the S-matrix with poles at {k = iκj},
F (r) = − 1
2π
∫ +∞
−∞
eikr{S(k)− 1}dk +
∑
all κj>0
c2je
−κjr,
(18)
where c2j is
c2j = Residue{S(k)} at k = iκj (κj > 0). (19)
Next we solve the following integral equation using the
F (r).
K(r, r′) = −F (r + r′)−
∫ ∞
r
F (r + r′′)K(r, r′′)dr′′.
(20)
Then the potential V (r) is given by
2µV (r) = −2 d
dr
K(r, r), (21)
where µ is the reduced mass for the baryon-baryon scat-
tering.
Provided that the potential is local, the potential V
in eq. (21) can be constructed uniquely from the given
S-matrix. Also, for any local potentials V1, V2 and V =
V1 + V2, suppose we obtain S-matrix for each potential
and reconstruct V ′1 , V
′
2 and V
′ by this method, then V ′ =
V ′1 + V
′
2 holds because V = V
′
etc. hold. This is not the
case if one of Vi is nonlocal. We call this the potentials
are “additive”, and use the deviation V ′ − (V ′1 + V ′2) as
the rough estimate of the degrees of the nonlocality later
in section VC.
This method has been applied on the baryon-baryon
scattering employing the simple gaussian-type nonlocal
potential [12]. In this paper, we employ this method
to the QCM potential, which will be defined in the next
section. The procedure is (1) to obtain the S-matrix S(k)
from the QCM potential up to very high momentum (k ∼
15 fm−1), (2) to construct a local potential from the S-
matrix by using eqs. (18-21). See appendix A for the
detail.
IV. QUARK MODEL HAMILTONIAN
The Hamiltonian of the nonrelativistic quark model
[18] is the sum of the kinetic energy and two body inter-
action:
Hq =
∑
i
(
mi +
p2i
2mi
)
−Kcm + V q, (22)
where Kcm is the kinetic energy of the center of mass
motion. The two-body potential V q may consist of
the pseudoscalar- and scalar-meson-exchange potentials
as well as of the confinement and one-gluon exchange
(OGEP). These potentials have been employed to de-
scribe the single baryon structure [19]. The color-
magnetic part of OGEP [20] is known to reproduce the
mass difference between octet and decuplet baryons. On
the other hand, the chiral quark model [21] includes the
pseudoscalar meson-exchange potentials, which also con-
tribute to the mass difference. The pseudo-scalar mesons
appear as the Goldstone bosons together with their chiral
partner σ meson.
In the following, we employ two types of the quark
models. One is the OGEP quark model for the baryon-
baryon scattering, where only the long-range part of the
meson-exchange potentials are included in addition to
the OGEP. The other one is the hybrid chiral (HC)
quark model, where the pseudoscalar- and scalar-meson
exchanges occur between quarks. Thus the potential V q
becomes
V q =
∑
i>j
Vij = V
conf
ij + V
OGEP
ij + V
σ
ij + V
ps
ij . (23)
The explicit form for each potential is as follows. We
take the two-body confinement term:
V confij (rij) = −λi · λjacr2ij , (24)
where λi is the color SU(3) generator of the i-th quark.
OGEP consists of the color coulomb, electric and mag-
netic terms:
V OGEPij (rij) =
λi · λj αs
4
{
1
rij
− ξij π
m2
(1 +
2
3
σi · σj)δ(rij)
}
.(25)
Here we have introduced the flavor SU(3) breaking factor
ξij . This factor takes the following value:
ξij =


1 for i, j 6= s quark
ξ1 for i or j = s quark
ξ2 for i and j = s quark
. (26)
The parameters ξ1 and ξ2 are fixed so as to reproduce the
empirical octet baryon masses. The following scalar- and
pseudoscalar-meson-exchange potentials are taken into
account.
V σij (rij) = −
g2σ
4π
Λ2
Λ2 −m2σ
(
e−mσrij
rij
− e
−Λrij
rij
)
,(27)
V psij (rij) =
1
3
g2c
4π
m2ps
4m2
Λ2
Λ2 −m2ps
f i · f jσi · σj
×
{
e−mpsrij
rij
−
(
Λ
mps
)2
e−Λrij
rij
}
. (28)
We introduce the cut-off Λ for the meson-exchange po-
tentials. The SU(3)-octet pseudoscalar mesons, π, K and
η, are included.
Both of the models we employ include a few parame-
ters. In the OGEP quark model, the quark mass m and
5TABLE II: Parameters of OGEP Quark Model (OGEP) and
Hybrid Chiral Quark Model (HC)
OGEP and HC
mass (in MeV) scale (in fm−1)
m mσ mpi mK mη b Λ
313 675 139 494 547 0.6 4.2
αs ξ1 ξ2 ac [MeV/fm
2]
g2c
4pi
g2σ
4pi
OGEP 1.517 0.603 0.110 26.6 0.592 0.782
HC 1.003 0.683 0.258 11.6 0.592 0.956
size parameter b are taken to be 313 MeV and 0.6 fm.
The quark-gluon coupling constant αs and confinement
strength ac are fixed by the nucleon and ∆ mass differ-
ence and the stability condition for the nucleon against
the variation of the size parameter b [6]. The long-range
parts of the meson-exchange potentials are included as
an interaction between baryons added to the potential
term in eq. (14) in order to reproduce the phase shifts
at low energies. The quark-σ-meson coupling constant is
adjusted to reproduce the NN1S0 scattering phase shift at
the peak. These parameters are given in table II. In the
table the coupling constants of the meson-exchange po-
tentials are given in terms of the meson-quark coupling;
the baryon-meson coupling constant can be calculated
from the meson-quark coupling constant and the quark
distribution in the baryon.
In the HC quark model, the quark-gluon coupling
constant αs is fixed to reproduce the nucleon and ∆
mass difference together with the pseudoscalar-meson-
exchange potentials [21, 22]. Note that the coupling con-
stant αs becomes smaller than the one in the OGEP
quark model because the pseudoscalar-meson exchange
also contributes to the mass difference. The quark-
exchange terms for the meson-exchange potentials are
also included. The parameters used in the present model
are also given in table II.
V. RESULTS
A. Phase shifts and equivalent local potential
In this section, we show the numerical results of the
scattering phase shifts and their equivalent local poten-
tials.
First we show the results of the phase shift for the
NN1S0 channel in Fig. 1 together with the observed phase
shift. We employ the OGEP and HC quark models to
obtain the QCM phase shifts. Both models reproduce
the phase shifts up to the momentum k=2.5 fm−1. Both
of the phase shifts, however, go to zero rapidly when the
k becomes beyond about 5 fm−1. As will be seen later,
this weak repulsive behavior at high energies partially
originated from the nonlocality of the potential.
In Fig. 2, the phase shift for ΣN(T=3/2)3S1 channel is
shown. From the figure, we see that there exists a strong
repulsion even at low energies. This is due to a smallness
of the norm kernel in this channel. Though the original
quark potential is different, the OGEP quark model and
HC quark model give results similar to each other.
In Figs. 3 and 4, we show the results of the equiva-
lent local potential given by solving the inverse scatter-
ing problem. There, dotted lines denote the local part
of the original potential of the OGEP quark model. We
see that the nonlocal part of the quark model potential
plays an important role especially at short distances. It
is noteworthy that there are very-short-range attraction
in addition to the usual short-range repulsion in both
of the channels. This reflects that the nonlocal part,
which is repulsive at the intermediate region, reduces ef-
fectively at the very high energy region. In the NN sys-
tem, some of the conventional soft-core models give a
similar attraction [23]. This property is more manifest in
the ΣN(T=3/2)3S1 channel. There, the very-short-range
attraction is due to an existence of the almost forbidden
state, which will be discussed later in more details.
B. Roles of norm kernel and OGEP
In order to see what kinds of effects are important
to produce the short-range repulsive interaction in the
quark cluster model, we investigate contributions from
norm kernel and OGEP separately in the OGEP model.
The potential term in the OGEP quark model in eq.(14)
0 5 10–1
0
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NN 1S0
 
 
 
[ra
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FIG. 1: Phase shifts for the NN1S0 channel. Dots are ex-
perimental values. OGEP and HCQM stand for the OGEP
quark model, where only gluon exchange is considered be-
tween quarks, and the HC quark model, where the pseu-
doscalar and scalar meson exchanges are also included be-
tween quarks, respectively.
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FIG. 2: Phase shifts for the ΣN(T=3/2)3S1 channel. For
further explanations see Fig. 1.
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FIG. 3: Equivalent local potential for the NN1S0 channel us-
ing the OGEP or HCQM models. Dotted line indicates the
local part of the quark model potential in the OGEP model.
can be rewritten as
V = V˜QCM + Vm (29)
V˜QCM = V˜K/N + V˜G/N (30)
V˜K/N =
1√
N
(Kd +Kex)
1√
N
−Kd (31)
V˜G/N =
1√
N
VOGEP
1√
N
(32)
We denote the above three terms as K/N for V˜K/N , G/N
for V˜G/N and Vm in the figures. Note that the meson-
exchange term is taken into account as the baryon-baryon
interaction in the OGEP quark model.
We first show the calculated phase shift from this po-
0 1 2
–1000
0
OGEP
HCQM
   N 3S1  T=3/2
V(
r) 
[M
eV
]
r [fm]
Σ
FIG. 4: Equivalent local potential for the ΣN(T=3/2)3S1
channel. For further explanations see Fig. 3.
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FIG. 5: Calculated phase shifts for the NN1S0 channel in
the OGEP quark model. K/N denotes the contribution from
the normalization and kinetic energy terms, G/N denotes the
contribution from the normalization and OGEP terms, and
(K+G)/N is the contribution from the normalization, kinetic
energy and OGEP terms. Full is the contribution from (K +
G)/N and meson-exchange potential Vm.
tential for the NN1S0 channel in Fig. 5. Here each con-
tribution from K/N or G/N is shown. We see that the
contribution from the norm kernel K/N is rather weak
and attractive at low energies. This is because of a small
enhancement of the norm kernel due to the quark ex-
change as seen in table I [7, 8, 15]. The contribution from
the OGEP, namely, G/N is strongly repulsive, and the
contribution from both terms (K + G)/N is almost the
same as G/N . Therefore we can conclude that the most
important term to reproduce the short-range repulsion in
the NN1S0 channel is OGEP. When the meson-exchange
70 1 2
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FIG. 6: Equivalent local potential for the NN1S0 channel in
OGEP quark model. For further explanations see Fig.5.
potential, Vm, is taken into account, the phase shift be-
comes positive at low energies as shown by the solid line
(denoted as Full in the figure).
Employing the calculated phase shifts shown in Fig.
5, the equivalent local potential is calculated for NN1S0
by solving the inverse scattering problem. The results
are shown in Fig. 6. As seen in the figure, there exists
a strong repulsion due to the norm and OGEP terms,
G/N , at short distances. It, however, becomes weak at
very short distances; there appears an attractive pocket
at short distances. By including the meson exchange po-
tential consisting of σ, π and η meson-exchange poten-
tials, the long-range part of the potential becomes attrac-
tive.
The results for the ΣN(T=3/2)3S1 channel are shown
in Figs. 7 and 8 by employing the OGEP quark model.
The reason why we are interested in this channel is that
there exists the almost forbidden state; we can study the
role of the Pauli blocking effect more clearly in this chan-
nel. In Fig. 7, we show the contributions from K/N ,
G/N , (K + G)/N and Full calculation which includes
the meson-exchange potential Vm. As seen in the figure,
K/N gives the negative phase shift at the low energy re-
gion, which indicates strong repulsion at long ranges. It
is also interesting to see the phase shifts increase sharply
around k ∼ 2 − 4 fm−1. These are due to the Pauli-
blocking effect, because this sharp increase of the phase
shift is seen in the cases which include the K/N . Since
〈P (fσc)36 〉 is 781 in this channel, the 0s component of the
norm kernel is reduced by a factor of 1 − 7/9 = 2/9.
Similarly, the 0s-1s off-diagonal component of the kinetic
term and the 0s diagonal component are reduced by this
factor 2/9. After being divided by the norm kernel, di-
agonal part of the kinetic energy term K/N are not re-
duced, but the 0s-ns non-diagonal parts are reduced by
a factor of
√
2/9. This smaller-than-1 factor causes less
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FIG. 7: Calculated phase shifts for the ΣN(T=3/2)3S1 chan-
nel in OGEP quark model. For further explanations see Fig.5.
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FIG. 8: Equivalent local potential for the ΣN(T=3/2)3S1
channel in the OGEP quark model. For further explanations
see Fig.5.
mixing between the 0s-1s component. Thus, the K/N
term has a node in the phase shift with the repulsion
at the lower energy region[15]. See appendix B, where
this mechanism is imitated by a simple model. Suppose
the factor is zero, indicating the system has a forbidden
state, the phase shift decreases continuously toward −π
at k =∞ in order to satisfy the Levinson’s theorem.
This feature is also seen in the equivalent local po-
tential shown in Fig. 8. In the equivalent local poten-
tial, there appears a very strong attractive potential at
short distances with a strong repulsion in the intermedi-
ate range. There is a quasi-bound state in this attractive
pocket, which corresponds to the sharp increase of the
phase shift. If the factor were zero, the resonance would
become a bound state; which is the way to describe a
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FIG. 9: Equivalent local potential for the NN1S0 channel in
OGEP quark model. (K +G)/N and K/N +G/N are shown
for a comparison. For further explanations see Fig.5.
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FIG. 10: Equivalent local potential for the NN1S0 channel in
OGEP quark model. (K + G)/N + Vm and Full are shown
for a comparison. For further explanations see Fig.5.
forbidden state in terms of a local potential because all
other real states are forced to be orthogonal to the bound
state.
C. Roles of nonlocality
In order to estimate the degrees of the nonlocality, we
investigate whether the contributions from K/N , G/N
and Vm are additive or not. Each local potential given by
solving the inverse scattering and their sum are plotted
in Figs. 9 and 10. In Fig. 9, we see that the sum of
local potentials V ′K/N + V
′
G/N (solid line) is similar to
0 1 2–200
0
200
400
Equiv. V
Modified V
NN 1S0
V(
r) 
[M
eV
]
r [fm]
FIG. 11: Equivalent and modified local potential for the
NN1S0 channel in the OGEP quark model.
V ′(K+G)/N (dashed line), so the nonlocality is weak as
we mentioned in the end of section 3. By including the
meson exchange potential, V ′(K+G)/N + Vm (dot-dashed
line) are also compared to V ′(K+G)/N+m (solid line) in
Fig. 10. As seen in these figures, the equivalent local
potentials given by solving the inverse scattering problem
are almost additive in the NN1S0 channel. This suggests
that the nonlocality of the QCM potential is rather weak
in this channel, and that the potential may be simulated
by the equivalent local potential, which has the same on-
shell behavior.
Also, we investigate the effect of the short-range at-
tractive pocket by performing a calculation without the
pocket in the NN system. In Fig. 11, we show the modi-
fied local potential without the attractive pocket as well
as the original equivalent local potential with the attrac-
tive pocket. The phase shifts given by both of the two
potentials are shown in Fig. 12. From these figures, we
understand that the modified potential gives the stronger
repulsion at high energies. The difference between these
phase shifts in the region from k =3 fm−1 and higher
produces the attractive pocket at short distances in the
equivalent local potential.
In Figs. 13 and 14, we again investigate the nonlocality
of the QCM potential in the ΣN(T=3/2)3S1 channel by
checking whether the contributions from each term are
additive or not. As seen in the figures, the equivalent lo-
cal potentials coming from each term shows the tendency
to be additive. If we compare them with those for the
NN1S0 channel shown in Figs. 9 and 10, however, we see
that the additivity does not hold so well as in the NN1S0
channel. This suggests that the nonlocality of the QCM
potential is much higher in this channel.
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FIG. 12: Calculated phase shifts given by the equivalent and
modified potentials for the NN1S0 channel in the OGEP quark
model.
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FIG. 13: Equivalent local potential for the ΣN(T=3/2)3S1
channel in the OGEP quark model. For further explanations
see Fig.5 and 9.
VI. SUMMARY
In this paper, we have investigated the short-range part
of the potential given by the quark cluster model, es-
pecially the quark Pauli-blocking effects and the nonlo-
cal term coming from the quark potential. An energy-
independent local potential can be reconstructed from a
given phase shift by solving the inverse scattering prob-
lem. We have employed this method to derive the energy-
independent local potential which reproduces the same
phase shifts as those obtained from the QCM potential.
We have used two types of the quark cluster models.
One is called the OGEP quark model, where OGEP plays
the dominant role to reproduce the mass difference be-
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FIG. 14: Equivalent local potential for the ΣN(T=3/2)3S1
channel in the OGEP quark model. For further explanations
see Fig.5 and 10.
tween nucleon and ∆, and also to produce the NN short-
range repulsion. The other is the hybrid chiral (HC)
quark model where the pseudoscalar- and scalar-meson-
exchange potential between quarks including quark ex-
changes are taken into account together with OGEP. In
the NN1S0 channel, once the peak value is fitted, there is
almost no difference between these two models, but there
appears a small difference in ΣN(T=3/2)3S1channel.
Since there is no essential difference between these two
models, we have restricted ourselves to the OGEP quark
model to investigate the details of the potential derived
from the quark model.
We have found that such an equivalent local potential
has a strong repulsion at short distances in the NN1S0 in
both of the quark models. We have, however, also found
there is an attractive pocket at very short distances. It is
considered that such a pocket appears because the nonlo-
cal repulsion becomes weaker effectively at the very high
energy region. This repulsion-attractive-pocket structure
becomes more manifest in the channel which has an al-
most forbidden state, ΣN(T=3/2)3S1. There we have
clarified the mechanism how the sharp increase of the
phase shift occurs in connection with the norm kernel
when there exists the almost forbidden state. From the
shape of the equivalent local potentials, it is clearly seen
that the gluon exchange constructs the short-range repul-
sion in the NN1S0 while the quark Pauli-blocking effect
governs the feature of the scattering phase shifts in the
ΣN(T=3/2)3S1channel.
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Appendix
APPENDIX A: INVERSE SCATTERING
PROBLEM
Here we briefly show how to derive an equivalent local
potential from a given phase shift: eqs. (18)-(21).
We assume the S-matrix is given by the extended Eck-
ert potential:
S(k) =
g(k) + if(k)
g(k)− if(k) (A1)
tan δ(k) = f(k)/g(k) (A2)
with
f(k) = k
n−1∑
m=0
fmk
2m (A3)
g(k) =
n∑
m=0
gmk
2m . (A4)
The parameter n, {fm}, {gm} are determined so that
this S-matrix gives the given phase shift δ(k) up to about
15fm−1. Moreover, we use the condition, gn = 1, f(k0) =
0 at δ(k0) = 0 etc., and fn is determined to give the Born
term,
fn = −2πµ
h¯2
〈V 〉. (A5)
By using this form of the S-matrix, eq. (18) becomes
F (r) =
1
2πi
∫ +∞
−∞
eikr
2f(k)
g(k)− if(k)dk
+
∑
all κj>0
c2je
−κjr, (A6)
Because g(k) − if(k) is the polynomial function of k of
up to the 2n-th order, we have 2n poles at k = ti (i=1
to 2n) in the integrand of the above equation in general.
Thus, we have
F (r) =
∑
all ℑtm>0
Res
2f(tm)
g(tm)− if(tm)e
itmr
+
∑
all κj>0
c2je
−κjr, (A7)
So the equation to solve, eq. (20), becomes a simple
integral equation with the known function, F , which can
be solved numerically. The potential in eq. (21) is derived
directly from the kernel K.
The local potential which gives a given phase shift
is uniquely determined. Since the systems we concern
in this paper do not have a bound state, the equiva-
lent local potential can also be obtained by fitting the
phase shift directly. We also use this fitting to check the
above method. The reconstructed potentials by these two
methods are similar to each other with small numerical
error, which cannot be distinguished in the figures.
APPENDIX B: A MODEL FOR AN ALMOST
FORBIDDEN STATE
Here we explain a simplified model to investigate the
mechanism of the role of an almost forbidden state. This
model is simplified in a way that the quark exchange does
not occur among the ns (n > 0) states.
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First we introduce a projection operator P which se-
lects the 0s state.
P = |0s〉〈0s|.
Then we consider the one-body scattering problem given
by the following normalization N and hamiltonian H .
Hχ = ENχ
N = 1− αP
H = T − α(PT + TP ) + αPTP,
where T is the kinetic energy operator, E is the energy
eigenvalue and α is a parameter which is smaller than 1.
When α = 1, the state 0s is called the forbidden state,
and if α is close to 1, the state 0s is called the almost
forbidden state. Introducing the projection operatorQ =
1− P , we rewrite the N and H as follows.
N = Q+ (1− α)P
H = QTQ+ (1 − α)(QPT + PTQ+ PTP ),
This shows that the 0s state in the normalization N is
reduced by a factor of (1−α) and the matrix elements of
the hamiltonian H between the 0s and ns states are also
reduced by the factor of (1−α). Now let us calculate the
H/N . When α < 1, 1/
√
N is given by
1√
N
= Q+
1√
1− αP.
Then we obtain
1√
N
H
1√
N
= QTQ+ PTP +
√
1− α(PTQ+QTP ).
This tells that only the non-diagonal matrix elements
between the 0s and ns (n 6= 0) are reduced by a factor of√
1− α. Therefore the state which contains a large part
of the 0s component, namely, the low-energy scattering
state, feels effectively a repulsion when the factor
√
1− α
is smaller than 1.
